In-situ observation of unidirectional solidification using transparent substance has been performed to investigate the growth direction of solid phase. Cell and/or dendrite, the preferred growth directions of which are not parallel to the heat flow direction, were observed with various solidification conditions. Dimensionless growth direction (π = (angle between heat flow direction and growth direction)/(angle between heat flow direction and preferred growth direction)) changes from zero to unity with increasing growth velocity at a constant temperature gradient. Introducing the normalized growth velocity (V /V c , where V c is the critical growth velocity for breaking down a planar interface), the relation between π and growth condition could be correlated and π could be expressed by a unique line with respect to the normalized growth velocity. Furthermore, the growth directions of cells or dendrites under the condition of unidirectional solidification have been analyzed by the phasefield model. The calculated results agree with the experimental results and the functional relationship between growth velocity and growth direction is qualitatively explained.
Introduction
Understanding of development of solidified structure in casting is of much importance, since the solidified structure directly affects the mechanical properties. Cast structure usually consists of three macroscopic zones: chill zone, columnar zone and equiaxed zone. 1) When the molten metal is poured into a permanent mold, a lot of grains nucleate on the mold surface, which is colder than the molten metal. Crystallographic orientations of these grains are random and the sizes of them are small. A chill zone consists of these grains. Here a "grain" is defined that it is composed of group of dendrites or cells, the crystallographic orientation of which is the same. 2) A grain, the growth direction of which is close to the heat flow direction, overgrows the others. On the other hand, a grain, the growth direction of which is far from heat flow direction, stops growing and disappears. Therefore, the grains, the growth directions of which are nearly parallel to the heat flow direction, will remain and consist a columnar zone. Transition mechanism from a chill to a columnar zone is referred as a grain selection. 3, 4) This mechanism also plays an important role in fabricating the unidirectional solidification products, such as turbine blades. In the region called starter, which is a very initial stage of casting for a turbine blade, optimal grains that have the suitable orientations are selected. The design of the starter is important to produce high quality turbine blade, 5) though the design has been determined by trial and error methods. The reason of this may be that the mechanism of grain selection has been poorly understood. Esaka et al. 2) have studied on the process of grain selection using insitu observation technique and found that the growth distance necessary for grain selection (= L * ) depends upon the so- * 1 Undergraduate Student, National Defense Academy. * 2 Graduated Student, Hokkaido University. lidification condition. When the solid/liquid interface is dendritic, L * is short. On the other hand, when the solid/liquid interface is cellular, L * is long. The major reason of this phenomenon is that the growth direction of dendrite is different from that of cell. Kurz and Fisher 6) depicted the growth direction of dendrite and cell found in normal cubic metals, the preferred growth direction of which is 100 , in the case of constrained growth. The columnar dendrites grow along their preferred growth direction, 100 , regardless of heat flow direction. On the other hand, cells grow along heat flow direction regardless of their preferred growth direction. However, there is no quantitative description about the growth direction when the solid/liquid interface changes from cell to dendrite.
Therefore, the purpose of this study is to investigate experimentally the effect of the solidification condition (growth velocity and temperature gradient) on the growth direction of cellular and dendritic interface. Furthermore, the experimentally obtained growth direction will be qualitatively compared with the estimated growth direction computed using phasefield model.
Experimental Procedure
It is preferable to perform the experiment using metal alloys, in order to investigate the change in growth direction with growth condition. However, the metals are unfortunately opaque and the determinations of both crystallographic and growth orientation needs tough works. Therefore, an in-situ observation using a transparent organic substance has been carried out.
For this purpose, succinonitrile (SCN) was chosen in this study. Since the entropy of fusion of SCN is low, it solidifies in non-faceted manner, 7) which is the same to metals. Furthermore, the preferred growth direction of SCN is 100 , 7) which is similar with most cubic metals, such as iron, aluminum and copper. In this study, as-received SCN was used and its nominal purity was over 98 mass%.
A schematic illustration of principal part of experimental apparatus is shown in Fig. 1 . In order to facilitate the analysis, temperature gradient (G) and growth velocity (V ) have been kept constant during the experimental run. To satisfy this, a Bridgman-type equipment has been used.
A glass cell was constructed with thin glass plates and filled with molten SCN and then sealed with epoxy resin.
8) The size of the glass cell was 35 mm in width and 100 mm in length, and the gap of the cell was 0.15 mm. To measure the thermal field and to calculate the temperature gradient in each experimental run, a fine chromel/alumel thermocouple (25 µm in diameter) was installed in the glass cell. The thermocouple was set to be parallel to the isotherm in order to minimize the error for temperature measurement. Furthermore, in order to reduce the natural convection around the glass cell, heatinsulating plate constructed with glass plate, was put on the glass cell. Growth direction as well as solid/liquid interfacial morphology was observed by an optical microscope and recorded by a time lapse VTR system.
Before the each experimental run, SCN in the glass cell was completely melted to ensure the homogeneity. Then, the glass cell was placed on a copper plate and quenched. Many crystals randomly nucleated in the glass cell and the crystal, the growth direction of which was parallel to the glass cell and deviated over 10 degrees from the macroscopic heat flow direction, was selected for observation. The reason of this choice was to reduce the error in measuring the growth angle. Experimental conditions performed are listed in Table 1 . Growth velocities have been changed from very low value to high value at three different temperature gradients, 2.81, 5.51 and 7.37 K/mm.
After achieving the steady state at a given solidification condition, the growth direction as well as solid/liquid interfacial morphology was observed and recorded. A preferred growth direction, 100 , was determined with a following method. After recording the growth direction and morphology, the heaters of furnaces were turned off. After a while, dendrites rapidly grew from the solid phase. Temperature gradient at solid/liquid interface in this condition was so small that the growth direction of these dendrites could be a preferred growth direction, 100 . A schematic view of cells growing in a positive temperature gradient is shown in Fig. 2 . The heat flow direction is perpendicular to the tangent of the cell (dendrite) tips. The angle between heat flow direction and growth direction is defined as α and that between heat flow direction and 100 is defined as θ . Dimensionless growth direction is then defined as α/θ (= π ), assuming that π does not depend upon θ . In the case of planar solid/liquid interface, π is defined to be zero.
Experimental Results
When the growth length exceeded about 10 mm, steadystate solidification was established and no change in the solid/liquid interfacial morphology was observed. One example of the steady solid/liquid interface (obtained at V = 0.9 µm/s, G = 5.51 K/mm) is shown in Fig. 3 (a). In this condition, cellular interface without side branch was observed. Growth direction at that point is indicated with a straight line in this figure.
The solid/liquid interface after turning off the power supply of the heaters is shown in Fig. 3 (b). Fine dendritic structure with well-developed secondary arms was observed. At the left hand side of this figure, the cellular structure, which solidified just before turning off the power supply, could be seen. The growth direction of cellular interface and that of dendritic interface are found to be different. Growth direction of dendrite is shown with a straight line in this figure. Following the definition explained in the previous section, this direction is the preferred growth direction, 100 of this crystal. Heat flow direction, which is normal to the tangent of cell or dendrite tips, is determined from Fig. 3(a) . Growth angle of cellular or dendritic interface (α) is then measured as indicated in Fig. 2 . Since the heat flow direction, after turning off the heaters, did not always agree with that before turning off the heaters, the heat flow direction before turning off the power is taken to be a standard line. The preferred growth angle (θ ) is measured from this standard. The normalized growth direction (π = α/θ ) is then calculated.
The relation between growth velocity and π at G = 2.81 K/mm is shown in Fig. 4 . Though there is some scatter in the data, π monotonously increases with increasing growth velocity. However, the rate of increment is found to depend on the range of growth velocity. At lower growth velocity region, π sharply increases with increasing V and it reaches approximately 0.8. On the other hand, at higher growth velocity region, π gradually increases with increasing V . In the case that temperature gradient was 2.81 K/mm, no planar interface was observed and thus the minimum value of π is not zero. Figures 5 and 6 show the relationship between growth velocity and π at G = 5.51 K/mm and G = 7.37 K/mm, respectively. Planar interfaces were obtained at V = 0.6 µm/s, G = 5.51 K/mm and at V = 0.9 µm/s, G = 7.37 K/mm. The growth velocity, which is necessary to obtain a planar solid/liquid interface, became large when the temperature gradient became large. Here, π increases from zero and approaches to unity with increasing V . Again, π sharply increases in a lower growth velocity region and gradually increases in a higher growth velocity region, at both temperature gradient levels. The critical value of π , at which the rate of increment of π changes, is again approximately 0.8. Fur- thermore, the slope of π with respect to V becomes steeper with decreasing the temperature gradient at the solid/liquid interface.
Discussions

Description of π by dimensionless growth velocity
When the alloy is unidirectionally solidified, chemical composition (C 0 ), growth velocity (V ) and temperature gradient (G) affect the solidified structure. These three factors are very important variables. For example, the dendrite tip radius can be computed as a function of growth velocity and temperature gradient at a constant alloy composition. 9, 10) This procedure is correct and straightforward, but is rather perplexing. The effect of each factor, especially interaction between factors, is hard to be understood. Thus, a new parameter, which includes C 0 , V and G, has been introduced in this study.
Tiller et al. 11) have proposed the critical velocity for breaking down a planar interface as shown in eq. (1), where, k is the equilibrium distribution coefficient, m is the slope of liquidus and D is the diffusion coefficient of solute in the liquid.
Since this critical velocity includes two variables, G and C 0 , the dimensionless parameter, V / V c , represents the growth condition that affects the solidification structure. The organic material used in this study was as-received succinonitrile and thus species and content of impurities are unknown. Furthermore, k and D are also unknown. However, as indicated by eq. (2), k is constant when the alloy system is fixed.
In the case that G = 5.51 K/mm, the real V c is between 0.6 µm/s and 0.9 µm/s. Also, in the case that G = 7.37 K/mm, the real V c is between 0.9 µm/s and 1.8 µm/s. For the first approximation, the growth condition where a planar interface was observed is assumed to be a critical one. Thus, k in eq. Then, growth velocities have been normalized by V c . The relationship between normalized growth velocity (V / V c ) and π is shown in Fig. 7 . Here, all experimental data are included. π increases sharply with increasing V / V c till π reaches approximately 0.8. When π exceeds 0.8, π increases gradually with increasing V / V c and approaches to unity. As shown in Figs. 4, 5 and 6, the manner of change of π in growth velocity is similar, though, the slope and absolute values differ from others. Here in Fig. 7 , the experimental data obtained from three sets of temperature gradient are found to fall on a unique curve. Therefore, it can be concluded that V / V c is an important dimensionless factor to describe the solidified structure in unidirectional solidification.
There has been proposed the other parameter, G/ V , 6) which also characterizes the solidification structure. Newly proposed parameter, V / V c , has some advantages as follows. 1) V / V c is dimensionless. 2) G/ V does not contain the alloy composition. However, V / V c does include the solute content of the alloy. 3) V / V c indicates the degree of complexity of the solid/liquid interface. The interface will be more complex as V / V c increases, in ordinary condition of unidirectional solidification. Kurz and Fisher 9) have proposed the critical velocity for cell-to-dendrite transition, V tr , and some experimental results have supported this description. 12) V tr is given in eq. (3).
In Fig. 7 , the broken line indicates the transition velocity for cell to dendrite determined by observation of solid/liquid interfacial morphology. The growth velocity for well-developed dendrite and dendritic cell is approximately 10 V c . Following the eq. (3), distribution coefficient of impurity can be estimated as 0.1. It should be noted that even in the range of dendritic growth condition, the growth direction does not agree with the preferred growth direction and is affected by heat flow.
As developed by Mullins and Sekerka, 13) the perturbation theory tells that temperature gradient (G) and surface tension (σ ) suppress the perturbation and that constitutional supercooling ( T c ) enhances the perturbation. These three parameters (G, σ and T c ) may also be quite important on the growth direction of solid phase. In addition, the anisotropy of surface tension plays an important role on the morphology of the tip. Since the anisotropy is a characteristic parameter for material, the shape of the curve shown in Fig. 7 would depend upon the material used in the experiment.
Qualitative explanation using phase-field model 4.2.1 Model
In order to confirm the validity of the experimental results, the growth behavior of a solidifying alloy under positive temperature gradient was simulated using the phase-field model. [14] [15] [16] [17] [18] The phase-field model is known as a very useful method for simulating the microstructure evolution during the solidification of pure materials and alloys. The phase-field models for alloy were classified into several groups depending on the definition of free energy density for interface region and how they were derived. 18) In this paper, the phase-field model for alloy proposed by Kim et al. 18) was adopted because, in their model, the parameters in the phase-field model can be treated as a function of temperature which enables to impose a temperature gradient to the calculation domain.
In the phase-field model, solid-liquid interface is defined as the region having finite thickness, in which phase-field parameter φ changes from 0 to 1. The value of phase-field parameter characterizes the physical state (φ = 1 in solid, φ = 0 in liquid) of the system and the solid/liquid interfacial morphology of an alloy can be simulated by calculating the evolution of phase-field and concentration field. The governing equations of the phase-field method for an alloy are as follows.
The free energy density of a solid-liquid mixture f (c, φ) is expressed as follows. where
and f L (c) are free energy density of solid and liquid phases, respectively. The function g(φ) is the double-well potential associated with the energy barrier between solid and liquid phases, and W represents the height of the energy barrier. The symbol c is mole fraction and ε is the parameter related with interfacial energy and expressed as follows.
θ is the angle between the normal of solid/liquid interface and the x axis. The axis used in this calculation is indicated in Fig. 8 . The eq. (7) represents a 4-fold symmetric anisotropy of interfacial energy in ε, which can produce preferred growth direction of solid phase. Subscripts under f in eqs. (4) and (5) mean the partial derivatives by that variable. M is the mobility of the phase field and D(φ) is the diffusivity of solute as a function of phase-field variable. In order to carry out the phase-filed simulation, the free energies of liquid and solid phases of SCN is required, however, Table 2 Thermodynamic data of δ crystal and liquid phase of Fe-C binary alloy. the desired thermodynamic data of SCN were not found in the literatures. In this simulation, therefore, Fe-C binary alloy was adopted as the target material because the well evaluated thermodynamic data of Fe-C alloy was published and Fe and C are base elements of steel that is an important commercial alloy. The free energies of the δ phase and the liquid phase of Fe-C alloy 19) are shown in Table 2 . The parameters of the phase-field equation were determined by solving the equations from the "thin interface limit model" 16, 17) at every 5 K in a temperature range. The calculated parameters were fitted as a function of temperature by the square least method. Equations (4) and (5) were changed to an explicit finite difference form, and the evolution of the phase-field and the concentration field were numerically calculated. The calculation domain was divided into 500×1000 square grids and the size of the grid is 0.02 µm. A certain positive temperature gradient was imposed in the calculation domain and the grids were set to be solid at y = 0 as the initial condition. In the calculation, the heat flow was not explicitly calculated, however, the effect of the temperature gradient was involved by treating the free energy densities and the parameters as a function of temperature. Due to the temperature gradient, the region near y = 0 has the higher degree of undercooling, and the undercooling decreases along with y axis direction that changes the growth rate of solid/liquid interface automatically. Furthermore, the parameter of anisotropy used in this study is proposed in Ref. 17) , where the tip exhibits a typical parabolic of evolution in an undercooled dendrite. Since the phase-field calculation requires a long CPU time, present simulation was carried out under the relatively high undercooling condition that gives high growth velocity and a small cell or dendrite tip. Also, the imposed temperature gradient in the simulation became very high in comparison with the experimental one. However, it was confirmed that the local equilibrium condition holds true at the solid-liquid interface in the simulation, so the validity of the comparison between the experimental and calculated results can be expected from the scaling law. Figure 8 shows the calculated solid/liquid interfacial morphology and microsegregation pattern of the solute during the solidification of Fe-0.2 mass%C alloy. The dark part represents solute enriched region and the morphology of the solid/liquid interface can clearly be seen from the segregation pattern. In Fig. 8 , the angle between the preferred growth direction and y axis (corresponds to the heat flow direction) was set as 20
20)
Results of calculation and comparison with the experimental results
• , and the growth direction of cellular interface coincides with the preferred growth direction under the condition with no temperature gradient ( Fig. 8(a) ). However, under the positive temperature gradient (Figs. 8(b), (c) ), the growth direction of cellular interface deviates from the preferred growth direction to the heat flow direction. The calculated relationship between π and growth velocity is shown in Fig. 9 . π increases with increasing growth velocity, and approaches to unity at the higher value of the growth rate.
Since the alloy system and dimensions of solid/liquid interface are different from the experimental alloy system, it is difficult to make a direct comparison of growth direction between theory and experiment. However, it is possible to compare the functional relationship between growth direction and growth velocity. As shown in Fig. 9 , the calculated growth direction (π ) increases with increasing growth velocity. Furthermore, π increases rather rapidly at low growth velocity region and gradually approaches unity at high growth velocity region. These functional relation between π and V agrees well with the experimental results as shown in Figs. 4 to 6 .
The relation between π and V / V c or V may depend upon the value of anisotropy of the material considered. When the value of anisotropy is high, π would approach unity more rapidly with increasing V / V c . In other words, dendrites grow in the preferred growth direction independent of heat flow direction. On the other hand, when the value of anisotropy is low, π would approach unity more slowly with increasing V / V c . In the latter case, the growth direction of solid may deviate from its preferred growth direction to the heat flow direction, even the solid/liquid interface is well-developed dendrite.
Conclusions
Growth direction of cellular and dendritic interface as a function of growth velocity in unidirectional solidification has been investigated.
For experimental approach, in-situ observation using succinonitrile have been performed. For theoretical approach, computations using phase-field model have been carried out to qualitatively interpret the experimental data. Calculations have been performed with iron-carbon system instead of succinonitrile-impurity system, since its thermodynamic data are unknown.
(1) Dimensionless growth direction (π ) increases from zero to approaches unity with increasing growth velocity.
(2) π increases rapidly in a range of low growth velocity and increases gradually in a high growth velocity range.
(3) Introducing the dimensionless growth velocity (V / V c ), the relation between growth velocity and growth direction could be well correlated and described with a unique line.
(4) The growth direction, which is calculated using a phase-field model, also increases from zero to unity with increasing growth velocity.
(5) The functional relationship between π and V obtained by theoretical model agrees with experimental results.
